Animal husbandry conditions were compliant with international standards of Good Laboratory Practices and also with French and European Legislative texts (Journal Officiel du 20.10.87 and 27.04.88 and Journal Officiel des Communaut6s Europ6ennes du 18.12.96).
INTRODUCTION
Hereditary hemochromatosis corresponds to an autosomal recessive metabolic disorder that in humans leads to a severe iron overload in parenchymal cells of various organs (particularly the liver, pancreas, heart, and endocrine glands) (2, 6, 8, 17-19, 21, 22, 26) . The disease seems to be related to an increase of the duodenal iron absorption, whose mechanism is still not well understood (2, 7, 10, 18) , or to an imbalance between iron absorption and excretion capacities at the level of the cell (10, 12, 18) .
In humans, most of the iron accumulates in the liver, in the form of ferritin or as hemosiderin (which is thought to be an insoluble end-stage degradation product of ferritin) (1, 2, 13) . The periportal hepatocytes are the first affected by the overload, followed by, with the increase of the iron burden, deposition in hepatocytes throughout the lobule and also in bile duct epithelial cells, Kupffer cells, and sinusoidal cells (1, 2, 6-8, 10, 21, 26, 29) .
The toxicity of the iron (2, 6) leads to cellular damage and fibrosis in the affected organs and cirrhosis in the liver (2, 6, 18, 19, 21, 22, 26) . The risk of liver neoplasia, in humans, is also increased (6, 7, 22) . To our knowledge, the only laboratory animals that provide a massive spontaneous iron overload, similar to human hereditary hemochromatosis, with normal dietary iron intake are hypotransferrinemic mice (autosomal recessive disease) (4, 14, 28) and some beagle dogs with hemolytic anemia due to a deficiency of pyruvate kinase (16) . In our laboratory, we have observed in the liver of rats of different ages and in both sexes a spontaneous type of iron overload. The aim of this article is to describe this form of hepatic iron overload and compare it to that of humans.
MATERIALS AND METHODS
Animals. Male and female Sprague-Dawley rats were purchased from Iffa Credo France Laboratories (L' Arbresle), at 7 wk of age and with a body weight between 150 and 300 g. The animals were housed in polycarbonate cages (2 per cage) with stainless steel wire tops (room temperature 20-24°C, humidity 45-65%) and were allowed diet (pellets UAR A04 C 10) and tap water ad libitum. After 16-24 hr of fasting, rats were sacrificed by exsanguination via abdominal aorta puncture under forene anesthesia or carbon dioxide hypoxia. The animals were sacrificed at different ages: 7, 9, 11, 19, 31, 59, or 111 wk, corresponding to the length of the different regulatory toxicological studies carried out.
Morphologic Evaluation. The initial analysis was made on the untreated control animals of each study (204 studies and 3,874 animals in total). The treated animals of all studies were then examined, and as there was no effect of treatment on the frequency and type of lesion observed, all the animals were analyzed together (control and treated). The number of studies and the number of animals are listed in Table I (204 studies and 14,092 animals in total).
The tissues sampled varied according to the type of study and protocol, but the liver, kidneys, spleen, pancreas, and heart were sampled at all time points; the endocrine glands and the bone marrow, which are also sites of iron overload in humans and in several experimental models in animals, were sampled from 9 wk onward. After gross examination and organ weight determination, the tissues were immediately fixed in 10% buffered formalin saline, dehydrated with a graded series of alcohols, and embedded in paraffin. Five-pLm sections were cut and stained with hematoxylin and eosin routinely and in some animals, with Perl's stain for iron. The slides were examined and photographed using a Leitz DMRB light microscope. Liver samples, originally fixed in 10% buffered formalin saline, were resampled for electron microscopic examination. Small blocks were immersed in 25% glutaraldehyde in 0.4 M cacodylate buffer (pH 7.2), then postfixed in 2% osmium tetroxide in 0.4 M cacodylate buffer (pH 7.2), dehydrated through a graded series of alcohol and propylene oxyde, and embedded in Epon-Araldite resin. Semithin (1-[Lm) sections were used for orientation and assessment of abnormalities. Ultrathin (80-nm) sections were cut, mounted on copper grids, and stained with uranyl acetate and lead citrate. Sections were viewed and photographed using a Philips CM 10 transmission electron microscope. ' 
RESULTS
We have reviewed all the studies carried out in our laboratory during the period [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] (Table I) .
Light Microscopy
The liver, spleen, pancreas, bone marrow, and heart were included in this survey. Iron deposits were found in the liver with an intensity varying according to the age of the animals. In some studies, iron was also found in macrophages, particularly in the spleen, more rarely in the pancreas, but there was no correlation with iron over-loading of the liver. A summary of the major changes is presented in Table I , and specific aspects are shown in Figs. 1-3. Rats Sacrificed at 7 Wk. No case with iron deposition was recorded.
Rats Sacrificed at 9 Wk. Iron deposition was confined to periportal hepatocytes, appearing as brownish granules dispersed in the cytoplasm. After Perl's staining, the hepatocyte pigmentation was more distinct. The hepatocytes, around periportal areas, showed abundant blue granules corresponding to ferritin, with a portal to centrilobular gradient: the granules, dispersed in the cytoplasm, showed a weaker staining intensity in midzonal areas and were absent in centrilobular areas. The lining of the bile canaliculi was evident in periportal areas, bordered by the granules of adjacent overloaded hepatocytes ( Fig. 1 ).
Rats Sacrificed at 11 Wk. Iron deposition was detected in hepatocytes of periportal and midzonal areas and occasionally in Kupffer cells. The cytoplasm of the Kupffer cells was homogeneously stained brown, and there was no compression of the sinusoids. After Perl's staining, the density of hepatocellular granules decreased toward centrilobular areas; in the Kupffer cells, the density of granules was so marked that individual boundaries of the granules could not be distinguished, the cells having a homogenous dark blue cytoplasm. Rats Sacrificed at 19 Wk. Iron deposition increased in hepatocytes (high density of granules in periportal and midzonal areas) and Kupffer cells, and it also appeared occasionally in small and medium-sized macrophages in portal tracts around the bile ducts. The small macrophages had a homogeneously brown cytoplasm, similar to that seen in Kupffer cells. The latter had 2 types of granules: fine and brown (as in hepatocytes) and coarse and dark brown, seeming to be the result of fusion of these finer granules. After Perl's staining, the high density of granules in periportal and midzonal hepatocytes was confirmed. The Kupffer cells appeared as dark blue foci in the sinusoids. The macrophages had a homogenous blue cytoplasm (the boundaries of the granules disappeared) with the same staining intensity as for hepato- cytes; some dark foci were also present in the cytoplasm (Fig. 2) .
Rats Sacrificed at 31 Wk. The intensity and the distribution of iron overload in hepatocytes was the same for the animals sacrificed at 19 wk. The most striking change was the prominence of portal tracts with large macrophages having a clearer cytoplasm containing the 2 types of granules previously described. There was also the be-ginning of distortion of the sinusoids by Kupffer cells with brownish granules. Rats Sacrificed at 59 Wk. No case of iron deposition was reported, probably as a consequence of the small number of animals examined. Rats Sacrificed at ]]1 Wk. The iron overloading increased in hepatocytes, but the most striking change described was the prominence of portal tracts and the dis- tortion of the sinusoids with collections of very large macrophages. Accumulations of pigmented macrophages in distorted sinusoids appeared as sideroblastic nodules, with no inflammatory or necrotic changes. After Perl's staining, the granules were present in the hepatocytes throughout the hepatic lobule. In centrilobular areas, they were more dispersed in the cytoplasm than in periportal or midzonal areas. The macrophages had an heterogenous cytoplasm with fine and coarse granules ( Fig. 3 ).
There at 19 wk presented evidence of a few apoptotic bodies among pigmented hepatocytes. Occasionally rats showed some cases of pigmentation of Kupffer cells alone, in the papillary process of the liver, often associated with chronic inflammation, bile duct proliferation, and fibrosis, or multifocal in the sinusoids of periportal, midzonal, or centrilobular areas. This type of pigmentation was not included in our analysis, due to the absence of pigmentation of hepatocytes and the disparity in the pigmentation of the Kupffer cells independent of the age of the animals (not corresponding to the definitions of hemochromatosis or hemosiderosis).
Electron Microscopy Liver samples were examined from a single animal sacrificed at 9 and from 3 animals sacrificed at 19 wk of age.
Rats Sacrificed at 9 Wk. In periportal hepatocytes, iron in the form of ferritin was distributed freely and diffusely in the cytosol in small quantities. There were also collections of irregular-shaped electron-dense deposits, surrounded by a membrane, which corresponded to large lysosomes (siderosomes). These siderosomes represented at least 30% of the cell volume. They possessed a heterogenous appearance: fine granules corresponding to clear areas (ferritin particles) or coarser granules corresponding to dark areas (hemosiderin particles thought to be a degradation product of ferritin) (Fig. 4) . Rats Sacrificed at 19 Wk. The iron deposition appeared to be increased in these samples. In periportal hepatocytes, the siderosomes represented nearly 50% of the cell volume. The morphological features were generally similar to 9 wk (Fig. 5 ). On semithin sections, most siderosomes had a pericanalicular distribution. In spite of the poor quality of fixation, no alterations were recorded in subcellular organelles (mitochondria, endoplasmic reticulum, Golgi apparatus). In areas of heavily overloaded hepatocytes, the Kupffer cells were enlarged and the nucleus was indistinct. They were overloaded with ferritin and hemosiderin in the cytosol and contained numerous siderosomes. The density of the siderosomes was variable, according to the presence or not of hemosiderin. Most of the siderosomes seen were enclosed in heterophagic vacuoles. Other heterophagic vacuoles, without siderosomes, contained degenerated small mitochondria and endoplasmic reticulum (Fig. 6 ). The enlarged macrophages of portal tracts had the same characteristics, except that the nucleus was always apparent. Ferritin particles were sometimes present in the cytosol of endothelial cells also.
Frequency
For the analysis of the frequency of iron overloading, we have separated the males and the females, and we have taken into account the pigmentation of the hepatocytes alone and the pigmentation of hepatocytes associ- ated with Kupffer cells and macrophages. Mean frequencies during the period of 1986-1995 for the different ages are shown in Fig. 7 and Tables II and III. The frequency of iron overloading was higher in females irrespective of the age of animals and the cells affected, except at 111 I wk (0.7% in females versus 0.85% in males) ( Fig. 7 and Tables II and III) . Rats Sacrificed at 9 and 11 Wk. Pigmentation of hepatocytes alone was the main feature in females (0.56 and 0.44%) ( Fig. 7 and Table III) .
Rats Sacrificed at 19 Wk. There were too few cases in males (1 case of hepatocyte pigmentation) to make an analysis. For the females, there was a reduction in the frequency of the pigmentation of the hepatocytes from 9 wk (0.56 to 0.05%) ( Fig. 7 and Table III) , associated with an increase of the frequency of pigmentation of the 3 types of cells (hepatocytes, Kupffer cells, and, for the first time, macrophages) (0.07 to 1.14%) ( Fig. 7 and Table  III ). Iron overloading of the nonhepatocytic cells was, in the majority (0.99%) ( Fig. 7 and Table III ), less pronounced than in hepatocytes. We have also noted that in animals with a more pronounced iron overloading of Kupffer cells (0.16%) ( Fig. 7 and Table III ), there were always pigmented macrophages in the portal tracts around bile ducts. Rats Sacrificed at 31 Wk. There were also too few cases in males (1 case of hepatocyte pigmentation). In females, there were no cases of hepatocyte pigmentation alone (Fig. 7 ). There were as many cases of pronounced overloading in nonhepatocytic cells as in hepatocytes (0.63%) ( Fig. 7 and Table III ). Irrespective of the intensity of iron overloading in Kupffer cells, there were always pigmented macrophages in portal tracts. Rats Sacrificed at 59 Wk. There was no case of pigmentation in any of the cell types examined.
Rats Sacrificed at 111 Wk. In both males and females, there were also no cases of pigmentation of hepatocytes alone (Fig. 7) . It was noted that for females the iron overloading of nonhepatocytic cells was always more pronounced than for hepatocytes (0.7%) ( Fig. 7 and Table   III ). In males, there were as many cases of more pronounced overloading in nonhepatocytic cells as in parenchymal cells (0.42%) ( Fig. 7 and Table II ).
DISCUSSION
This paper presents for the first time, to our know edge, the identification of a spontaneous iron overloadinĩ n the liver of Sprague-Dawley rats. The intensity of iron overloading increased with th( age of the rats. The observations made by light and elec tron microscopy showed that the initial stage correspond ed to an accumulation of ferritin particles, dispersed ii the cytosol or packed in siderosomes in the pericanali cular areas of periportal hepatocytes; the overloading o FIG. 6.-Electron microscopy of an enlarged Kupffer cell from a rat sacrificed at 19 wk. There are many heterophagic vacuoles, some wnn hemosiderin (arrow) and others with degenerated mitochondria and endoplasmic reticulum (arrowhead). X3,900. nonhepatocytic cells (Kupffer cells and macrophages) appeared later. These findings have similarities to those of human hereditary hemochromatosis (2, 6, 8, 18, 19, 21, 22, 26) , as opposed to hemosiderosis, also called secondary hemochromatosis, where early iron deposition is pri-marily in nonhepatocytic cells (1, 10, 18, 21) . With the aging of the animals, there was a progressive increase in iron overloading both in hepatocytes and in macrophages.
In spite of known iron toxicity (lipid peroxidation and stimulation of collagen synthesis by lipocytes) demon-F~G. 7.-Frequency of pigmentations of hepatocytes and Kupffer cells (with comparison of pigmentation intensity between the 2 types of cells) in Sprague-Dawley rats: control and treated animals (studies performed in the period 1986-1995). strated in humans and experimentally in the rat (6, 22) , no fibrosis, significant inflammatory infiltrates, degeneration, or necrosis of hepatocytes was noted in these cases. It is known that with an excess iron supply the parenchymal cells increase apoferritin synthesis (2, 30) ; the ferritin particles resulting from the association of free iron with apoferritin are preferentially packed in lysosomes, thus decreasing the quantity of free iron that is toxic (15) . This mechanism explains the nearly normal appearance of hepatocytes even after a prolonged overloading. Observations in humans and experimentally in the rat (6, 12, 15, 25, 30) show that there is an excretion of excess of lysosomal iron into bile canaliculi. It appears that there is a redistribution from parenchymal cells to nonhepatocytic cells, particularly those surrounding the bile ducts in portal tracts in this survey. The appearance of occasional apoptotic cells and the concurrent presence of Kupffer cells containing, in heterophagic vacuoles, siderosomes and degenerated mitochondria (hepatocytic) support endogenous minimal iron toxcity. It has been suggested that in humans similar vacuoles contain the fragments of phagocytized hepatocytes (1, 2, 6-8, 26, 29) . The higher sensitivity of humans to the toxic effects of iron could be explained by rapid saturation of the biliary excretion capacities and massive iron overloading (12) .
The high degree of pigmentation of hepatocytes alone was prominent in younger animals (9 and 11 wk) and progressively decreased (from 9 wk for females, 111 wk for males); conversely, the pigmentation of parenchymal and nonhepatocytic cells together began to increase from 9 wk for females and 111 wk for males; this was associated with a progressive increase in the intensity of pigmentation of nonhepatocytic cells versus parenchymal cells with the age of the animals. From 9 wk up to 111 I wk, the frequency was higher in females irrespective of the type of cell, as shown in rats with experimental iron overloading (27) . There are 2 hypotheses: a reduction of hematopoiesis by estrogens, resulting in an increase of plasma iron and thus in ferritin synthesis at the level of the liver (5), or a cumulative effect of a relatively higher iron absorption at the intestinal level (11) . At 111 wk, the incidence was slightly higher in males. To our knowledge, this is the first time that this observation is reported, because earlier experimental studies performed in rats with iron-rich diets lasted no more than 60 wk (15, 24) . This is an additional similarity with hereditary hemochromatosis : in humans, the disease appears more often in males (ratio 5-7/1) because physiologic iron loss (menses and pregnancy) in females delays iron overloading (8, 22) .
Contrary to the hypotransferrinemic mouse (4, 14, 28) , J a further spontaneous model of hereditary hemochromatosis, no significant increase of iron pigmentation is noted in other organs, such as the heart, pancreas, bone marrow, or spleen. There are also other morphological changes in some organs of the mouse: in the liver, there are perivenous chronic inflammatory infiltrates near portal tracts, without a spatial relationship with iron-loaded hepatocytes ; in the pancreas, which is more susceptible than liver, there is a massive infiltration of macrophages associated with a destruction and loss of acinar cells, and fibrosis.
Hemochromatosis is induced experimentally in rats principally by feeding with diets rich in carbonyl iron (1-3, 6, 15, 19, 23, 24) , ferrocene HOE 117 (14, 20, 31) , and ferric ammonium citrate (27) or even by parenteral administration (1, 3, 9, 23, 30) . This form of hemochromatosis is different from spontaneous hemochromatosis by iron overload of other organs such as the spleen, intestines, heart, and pancreas (1, 3, 15) . The origin of the spontaneous iron overload seen in the rat is probably hereditary but remains to be confirmed. Compared to the hypotransferrinemic mouse, it seems to have no impact on the survival of animals during toxicity studies up to 2 yr (4, 14, 28) .
In older age group animals (111 wk), the proliferative lesions (altered foci and tumors) were devoid of iron ' overload (personal observation). This confirms the ' changes seen in experimentally induced iron overload where foci of altered hepatocytes do not store iron (32, 33) .
In conclusion, we have described a spontaneous iron overload in the liver of Sprague-Dawley rats. An elucidation of the origin of this overload could be studied by selection of animals by breeding. There are some similarities to humans: no association with increased iron content in the diet (1, 2, 4, 7, 10, 12, 18) , no inflammatory infiltration in the liver (8, 26) , early iron deposit in parenchymal cells, and a higher incidence in old males ( 111 wk of age), with overall low frequency. There are however, differences: no degenerating hepatocytes, necrosis, fibrosis or cirrhosis (1, 2, 6-8, 26, 29) and no significant iron overloading in organs other than liver (1, 2, 7, 8) are seen.
